on cell morphology, i.e. the formation of stomatocytes, when the native mixed-acid PC species in the monolayer are replaced by (1,2-dilinoleoyl)-PC (Fig. 1) . This species has a pronounced cone shape because of a larger cross-section at the end of its hydrophobic tails. Consequently, the outer monolayer, and thereby the whole membrane, will bend inwards.
Further support for the above hypothesis was found by studies in which the retailoring of the PC species composition was followed by treatment of the cells with phospholipases. The morphological changes induced by the two different types of lipid manipulations sequentially applied appeared to be additive and predictable, as they indeed can be explained on the basis of changes in molecular geometry (Christiansson et al., 1985) . Erythrocytes enriched with (1,2-dipalmitoy1)-PC in their outer membrane leaflet tend to form echinocytes (Fig. 1) ; a non-lytic hydrolysis of PC in the outer layer by phospholipase A, will produce free fatty acid and 1-acyl lyso-PC (inverted cone shape) and as a result further crenation occurs. Conversely, treatment of the intact cells with sphingomyelinase C produces ceramides (cone-shaped) in the outer monolayer, which causes a restoration of the normal discoid morphology in the PC retailored cells, because the molecular geometries of ceramide and ( 1,2-dipaImitoyl)-PC are complementary. On the other hand, a further invagination of stomatocytic cells, as induced by replacement with ( 1,2-dilinoleoyl)-PC, was observed when these cells were subsequently treated with sphingomyelinase C, whereas their discoid morphology could be restored by treatment with phospholipase A, (Christiansson et al., 1985) .
In conclusion, manipulation of the molecular geometry of phospholipid molecules in the outer monolayer of intact erythrocytes causes a bending of this layer to ensure the maintenance of an optimal packing of the new molecules in this layer. The inner layer has to follow suit and a change in morphological appearance of the cells results.
Phospholipid molecular species retailoring involves redistributing fatty acids bound to a population of phospholipids (usually two per phospholipid molecule) to achieve fatty acid pairings that are different from those present before retailoring began. The retailoring process is a normal part of lipid metabolism, providing a wide diversity of molecular species by modifying the limited number of species created during routine phospholipid biosynthesis de novo (reviewed in Thompson & Martin, 1984) .
Under certain circumstances molecular species retailoring can quickly lead to dramatic changes in the physical properties of membrane lipids. A striking, if atypical, illustration is shown in Fig. 1 . In this extreme case, retailoring of the lipids shown at the top of the Figure yields two species having properties so different from each other, and from those of the original molecule, that their response to a fall in temperature would be drastically altered.
In nature the physical consequences of phospholipid molecular species retailoring may seldom be as obvious as in the example given above, but in a physiological context the capacity to alter lipid composition can determine the survival of an organism under stress. An environmental stress such as temperature fluctuation can itself markedly alter membrane fluidity, thereby affecting many crucial membrane-fluiditymediated activities of the cell (Sandermann, 1978; Shinitzky, 1984) . Most cells have an innate ability to compensate for membrane-fluidity-altering stresses by appropriately modifying their lipid composition (Thompson, 1983; Cossins & Sinensky, 1984) . Several strategies are utilized, but the most immediate response (requiring minutes in animals and a few hours in plants) is to change the composition of their lipidbound fatty acids. This is achieved primarily through two means. The more thoroughly studied (but still incompletely understood) mechanism involves the closely regulated insertion of double bonds into the chains of pre-existing, as well as newly synthesized, fatty acids (Thompson & Martin, 1984) . In addition to, and often concurrent with this controlled fatty acid desaturase action, there is a vigorous retailoring of phospholipid molecular species. Using examples drawn mainly from my own laboratory, the present report summarizes this latter process as it acts to reverse the effects of stress on membrane fluidity. A more comprehensive coverage of the topic appears elsewhere (Lynch & Thompson, 1988) . The most extensively studied situation favouring acylchain reallocation involves the response of cells to chilling temperatures. My laboratory has followed the metabolism of phospholipids in various membranes of the ciliate Tetrahymena pyrifomis and the green alga Dunaliella salina under conditions where low temperature has effectively stopped the net synthesis of fatty acids and phospholipids, leaving manipulations of pre-existing lipids as the only alternative for rapid restoration of a functional fluidity. By monitoring various membrane-fluidity-related physical parameters of rapidly chilled Tetrahymena (Dickens & Thompson, 198 1, 1982) , it became apparent that the early return of the membrane lipids towards a physical state compatible with normal cell function was more closely correlated with phospholipid retailoring than with any other lipid compositional change (although increased overall fatty acid unsaturation also began to exert an increasing effect with the passage of time). In situations requiring a rapid response to some stress, phospholipid acyl-chain retailoring appears to be the one mechanism available for immediate general use, since it is operative in membranes throughout the cell. In contrast, fatty acid desaturases are localized in the endoplasmic reticulum (and in the chloroplasts of plant cells).
Even under the rather special conditions of stress described above, where phospholipid molecular species retailoring is one of the most active lipid metabolic processes underway, quantifylng the changes that occur is not a trivial exercise. Fortunately, major advances have been made in recent years, and the frustrating days of semiquantitative (at best) recoveries of molecular species classes from AgN0,-impregnated thin-layer chromatographic plates will soon be relegated to history. Thanks to the extensive work of Myher & Kuksis (1982) and many others (reviewed by Lynch & Thompson, 1986 ), combined gas chromatography-mass spectrometry has developed into a much more sensitive tool for lipid molecular species analysis. Even more recently, h.p.1.c. has emerged as an effective and more widely available technique for resolving the various molecular species of many lipid classes without the need for derivatization (Smith & Thompson, 1987) . The development of lipid mass detectors for h.p.1.c. (Christie, 1985; Smith et al., 1985) has finally equipped this instrument for the quantitative analysis of relatively minor changes in molecular species.
After the recognition that phospholipid molecular species do change in ways that can be quantified, increased interest developed in the molecular mechanisms underlying these changes. Three types of enzyme take part in the retailoring process. A fatty acid is removed from the phospholipid by either a phospholipase A, or 4. The fatty acid must then be activated by converting it to fatty acyl-CoA through the action of fatty acyl-CoA synthetase. Finally, an acyltransferase catalyses the reattachment of the acyl chain to a lysophospholipid, giving a phospholipid molecular species which may be distinct from the one whose deacylation initiated the retailoring cycle.
Bacteria do not ordinarily retailor their phospholipids (Joseleau-Petit & Kepes, 1982; Rock, 1984) , but eukaryotic cells sustain an active phospholipid deacylation-reacylation cycle in most of their membrane systems, a notable exception being the slow acyl-chain turnover in chloroplasts (Lynch & Thompson, 19846) . Under steady-state conditions acylchain turnover is not apparent (unless its presence is demonstrated by adding radiolabelled fatty acids), because no change in lipid molecular species composition is engendered. Why then does a new pattern of molecular species emerge under conditions of stress? Is one of the three participating enzymes primarily responsible for the change? It appears that this may be the case. Attention has been largely focused on phospholipid deacylation as the probable rate-limiting step in the retailoring process. In a study of Tetrahymena cilia, which contain the enzymes for phospholipid retailoring, but few other steps of lipid metabolism, Ramesha & Thompson ( 1984) detected a large increase in phospholipase A activity towards endogenous substrates after shifting cells from 39°C to 15°C. Even with the higher phospholipase activity, deacylation still appeared to be rate limiting, possibly because low temperature also induced a significant rise in acyltransferase activity. It is not known whether the increased metabolic activity observed in cilia of cells grown at 15°C stems from an induced synthesis of additional enzyme or from an enhanced effectiveness of the pre-existing enzyme molecules.
That the increased ciliary membrane fluidity in cells grown at 15°C (Ramesha & Thompson, 1982) may regulate phospholipase A activity is rendered more likely by recent experiments with the synthetic hydrogenation catalyst palladium di( sodium alizarine monosulphonate) (Horvath et al., 1989) . Increasing action by this catalyst on cilia isolated from Tetrahymena grown at 15°C lowered the degree of phospholipid fatty acid unsaturation and, as a consequence, also reduced membrane fluidity. The decreased membrane fluidity was closely correlated with declining phospholipase activity in this rather simple system maintained under isothermal conditions, supporting the concept of phospholipase regulation through membrane fluidity.
A somewhat similar response was discovered in microsoma1 membranes recovered from D. salina. After cells were chilled from 30°C to 12"C, microsomal phospholipase A activity (directed mainly towards phosphatidylglycerol and phosphatidylethanolamine) increased rapidly as the cells acclimated to low temperature, finally reaching a level 13 times higher than the initial 12°C rate (Table 1) . This activity, which required CaZ+ and was further stimulated by added calmodulin, may be responsible for the phospholipid molecular species retailoring that is prominent in D. salina microsomes during low temperature acclimation (Lynch & Thompson, 1 9 8 4~) .
The D. salina hydrolytic enzyme found in microsomes from cells grown at 30°C showed a preference for endogenous 1-palmitoyl-2-linoleoyl phosphatidylglycerol and dipalmitoyl phosphatidylglycerol when incubated in vitro (H. A. Norman & G. A. Thompson, unpublished work) . In contrast, these molecular species were least preferred as substrates for the enzyme from cells grown at 12°C. No clues have yet been found to explain this switch in enzyme specificity. The study of phospholipase specificity towards individual phospholipid molecular species is still in its infancy. Several examples showing little preferential hydrolysis have been published, e.g. in neuronal tissue (Woelk et af., 1973) and in rat liver microsomes (Holub, 1982) , but specificity ., 1985) . The latter report implicated Ca2 + levels in regulating molecular specificity.
Since the discovery of G proteins as widespread modulators of enzyme activity (reviewed by Gilman, 1987) , they have been implicated in the stimulus-induced activation of phospholipase A, (Jelsema, 1987; Burch & Axelrod, 1987) . It remains to be seen whether a change in molecular species specificity can be effected during the G-protein activation. Phospholipase A, activity is also sensitive to many other factors, examples of which are listed in Table 2 . More so than the other two enzymes involved in phospholipid retailoring, phospholipase A, stands out as a promising subject for further intensive study.
Much less is known regarding the influence of acyltransferases on the phospholipid retailoring process. Examples of specificity in vitro for certain acyl-CoA substrates are known, but interpretations are often clouded by possible detergent effects (reviewed in Lynch & Thompson, 1988) . Yoshioka et ul. (1984) noted a clear-cut positional specificity directing microsomal acyltransferases from Tetrahymena grown at 30°C to utilize particular acyl-CoA substrates when tested with 1-or 2-acyl lysophosphatidylcholine or lysophosphatidylethanolamine. Interestingly, the substrate preferences were different in microsomes from cells grown at 15"C, but not in cells very recently chilled from 39°C to 15°C. The authors concluded that the molecular species retailoring observed shortly after chilling could not be explained by acyltransferase specificity changes.
An unconventional alternative to the stepwise retailoring process described above features the coenzyme A-mediated transfer of a fatty acyl-chain from the sn-2 position of one phospholipid molecule to the sn-2 position of an available lysophospholipid (reviewed in Lynch & Thompson, .1988 ). In a recent demonstration of this reaction, Nijssen & Van den Bosch (1986) measured the movement of linoleate from phosphatidylcholine to lysophosphatidylethanolamine in rat lung microsomes. The mechanism of this reaction may include fatty acyl-CoA as an intermediate. If so, it would resemble the acyl exchange between oleoyl-CoA and phosphatidylcholine described in developing soyabean cotyledons by Stymme & Glad (1981) . The quantitative significance of this exchange process versus the conventional three-step retailoring sequence is not known.
Certain other subsidiary events in the cell can complement the phospholipid retailoring process in modifying the physical state of a membrane. For example, any reaction which selectively removes a particular phospholipid from the membrane will alter the fluidity of the membrane so depleted. Phospholipid transfer proteins have been found to exchange unsaturated molecular species of phosphatidylcholine more readily than saturated species (Child et al., 1985) . Such a discrimination could in theory remove from a membrane many of the especially fluid (Stubbs & Smith, 1984) phospholipid molecules containing two unsaturated fatty acids, rather than the single unsaturated acyl chain more typically present. In
Tetrahymena (Watanabe et al., 1981) and in D. salina (Lynch & Thompson, 1984a) , a rise in molecular species having two unsaturated fatty acids characterizes the early stages of the retailoring process. Other possible consequences of retailoring include a greater transfer of cholesterol from more fluid membranes into those having a lower fluidity (Fugler et al., 1985) .
Selective removal of a phospholipid molecular species by other enzymes, such as phospholipase C, can also have a significant effect on lipid composition. A differential hydrolysis of phosphatidylcholine and phosphatidylethanolamine molecular species by phospholipase C (perhaps assisted by phospholipase A2) led to a significant change in the lipid composition of stimulated human platelets (Takamura et al., 1987) . A preferential N-methylation of polyunsaturated molecular species of phosphatidylethanolamine (Tacconi & Wurtman, 1985 ) offers yet another opportunity to reshape the molecular species composition of both these phospholipid classes.
The existence of multiple metabolic pathways capable of altering the molecular species composition of membrane lipids compounds our uncertainty over which ones contribute most tellingly to survival under stress. Considering the widespread distribution of the phospholipase-acyl-CoA synthetase-acyltransferase system within cells, and its demonstrated activity under stress, it is likely that these enzymes are the cell's most effective participants in phospholipid molecular species retailoring as it functions to regulate membrane fluidity.
Introduction
Multiple sclerosis (MS) is a chronic disabling neurological disease which has a prevalence in the United Kingdom of approximately 100 per 100 000 and is estimated to account for 92000 bed days in the National Health Service in England and Wales every year. It is one of the major causes of disability and, since it has a peak onset between the ages of 25 and 35 years, it causes considerable social problems to the families of sufferers.'It is a disease which varies considerably in its effect upon the patient; at one end of the spectrum, it may present few clinical signs and may not even be diagnosed in life -the so called benign MS; at the other extreme, it can lead to significant problems with vision, co-ordination, movement, sensation, intellect and sphincter control and result in considerable disability -the fulminant form of the disease.
It is recognized to arise from an immunological attack on the myelin or insulation of the nervous system resulting in demyelination and ultimately gliosis or scarring of the brain and spinal cord. The cause of the disease remains unknown, but studies of the epidemiology, clinical features and immune status of patients, have led to the hypothesis that a chronic virus infection in susceptible individuals results in the autoimmune destruction of myelin and the consequent development of the disease.
Diet and MS
In a disease such as MS, when the cause is unknown and there is no recognized curative or preventative therapy, it is Abbreviations used: MS, multiple sclerosis; PUFA, polyunsaturated fatty acid inevitable that patients and their relatives will turn to 'alternative medicine' for some form of relief. One such therapy is dietary manipulation and, in MS, most of the studies of dietary manipulation have been related to polyunsaturated fatty acids (PUFA). The rational for such therapy has been based, not upon the role of PUFA in cell membranes and therefore in the myelin which is the target of the disease, but upon epidemiological evidence and biochemical studies which have identified a relationship between PUFA and MS.
Epidemiology. One of the most consistent epidemiological findings in MS has been the higher prevalence of the disease in populations who consume diets rich in animal fats containing saturated fatty acids (Alter et al., 1974) . The initial observation was made by Swank (1950) that the incidence of MS in Norway fell during the German Occupation and increased after the end of the war. He suggested that this finding might relate to a reduction in dietary fat during the hostilities. In 1952, Swank and others extended these observations and demonstrated that the incidence of MS was higher in the inland dairy eating areas of Norway than in the coastal fisheating population. He suggested that animal fats were harmful and could result in platelet aggregation with subsequent small vessel occlusion which might cause perivascular plaques. Matthews ( 1985) has reviewed the other suggestions which have been made to explain the apparent relationship between the saturated fatty acid intake and MS, including an effect upon myelin itself, an abnormality of PUFA metabolism and an effect of PUFA on immunosuppression.
The problem with most of the epidemiological studies upon which hypotheses are based is that the group studied in Norway, the Ashkenazi and Yemenite Jews in Israel and the German and Italian Cantons in Switzerland also differ in their genetic make-up and the dietary differences are a reflection of cultural and ethnic differences which may be the real reason for the differing rates of MS.
Biochemistry. The initial epidemiological evidence
